Insect vector-borne diseases continue to present a major challenge to human health. Understanding the factors that regulate the size of mosquito populations is considered fundamental to the ability to predict disease transmission rates and for vector population control. The mosquito, Anopheles pseudopunctipennis, a vector of Plasmodium spp., breeds in riverside pools containing filamentous algae in Mesoamerica. Breeding pools along 3 km sections of the River Coatán, Chiapas, Mexico were subjected to algal extraction or left as controls in a cross-over trial extending over 2 years. Initial densities of An. pseudopunctipennis larvae were directly proportional to the prevalence of filamentous algae in each breeding site. The extraction of algae brought about a striking decline in the density of An. pseudopunctipennis larvae sustained for about six weeks, and a concurrent reduction in the adult population in both years of the study. Mark-release experiments indicated that dispersal from adjacent untreated areas was unlikely to exert an important influence on the magnitude of mosquito control that we observed. Habitat manipulation by extraction of filamentous algae offers a unique opportunity for sustainable control of this malaria vector. This technique may represent a valuable intervention, complimenting insecticide spraying of households, to minimize Plasmodium transmission rates in Mesoamerica.
INTRODUCTION
Vector-borne diseases present a major challenge to human health and appear set to increase in importance in the future (Rogers & Randolph 2000; Hay et al. 2002) . The success of insecticide-based control programmes in reducing the prevalence of vector-borne diseases at costs economically realistic for developing regions is irrefutable (Curtis & Lines 2000; Curtis & Davis 2001) . However, chemical-based control has stimulated debate regarding the harmful effects of prolonged use of synthetic insecticides on human health and the environment (Attaran et al. 2000; Longnecker et al. 2001 Longnecker et al. , 2002 , and the priorities for funding in vector control research (Curtis 2000; Hoffman 2000) . Mosquito resistance to insecticides is also a matter of concern (Sina & Aultman 2001) .
Environmental management based on ecological principles represents an effective and expedient intervention for vector control (WHO 1982; Ault 1994) . Programmes based on environmental modification such as drainage or filling in of pools and ponds, can be very effective for reducing mosquito populations (Kitron & Spielman 1989; Rose 2001) . However, such programmes require considerable investment and may result in major changes to the ecology of these areas (Collins & Paskewitz 1995) . By contrast, habitat manipulation involving water management practices, irrigation controls or the elimination of aquatic vegetation offers the possibility to match the intervention to the specific ecological requirements of the local insect vector population (Kitron 1987; Ault 1994) . The social and economic benefits of integrated control practices including physical barriers (bednets), pharmacological treatment and environment manipulation, have been clearly illustrated (Utzinger et al. 2001 (Utzinger et al. , 2002a Shiff 2002) .
Understanding the factors that regulate the size of mosquito populations is considered fundamental to the ability to predict transmission rates and for vector population control (Service 1989 (Service , 1995 . For example, the presence of certain aquatic plants can profoundly affect the suitability of breeding sites (Marten 1986 ). Aquatic vegetation facilitates the reproduction and survival of anopheline mosquitoes through three mechanisms: an increased abundance of food resources (Smock & Stoneburner 1980; Rejmankova et al. 1991) , providing physical shelter from disturbance and a refuge from predators (Gregg & Rose 1982; Orr & Resh 1989) , and favourable conditions of microclimate and access to oviposition sites for adults (Hall 1972; Orr & Resh 1992) .
The mosquito Anopheles pseudopunctipennis Theobald is widely distributed in Mexico, Central and South America and is an important vector of Plasmodium spp. in these regions (Fernández-Salas et al. 1994a,b) . The immature stages of this species are commonly found in riverside pools colonized by filamentous algae of the genus Spirogyra (Rejmankova et al. 1991 (Rejmankova et al. , 1993 . In southern Mexico, the incidence of malaria is monitored continuously and outbreaks are controlled by spraying households with pyrethroid insecticide and dispensing prophylactic medicines to affected communities.
In this study, we demonstrate that habitat manipulation provides a unique opportunity for control of An. pseudopunctipennis. Extraction of filamentous algae from breeding sites results in a dramatic and sustained decrease in the density of immature and adult stages. This represents a novel, safe and effective method of vector control that each community can adopt at minimal cost.
METHODS (a) Ethical considerations
The procedures described in this study, specifically the use of human baits and the release of adult mosquitoes, were approved by the bioethics committees of the National Institute for Public Health, part of the Mexican government's Department of Health, and the National Council for Science and Technology, Regional Research programme (CONACYT-SIBEJ), that funded the study. Human bait volunteers gave written consent to participate in the study and all had access to health care and prophylactic drugs (mefloquine hydrochloride, 250 mg week À1 ). None of the volunteers became ill during the study. The density of adult mosquitoes was not significantly increased by mark-recapture trials because insects used in these studies were collected, as larvae, from the natural population already present in the study area.
(b) Study area
The study was performed during two dry seasons, November 2000 to July 2001 and January to July 2002. The study area was located in a 6 km section of the Coatán River, 25 km northeast of the town of Tapachula, Chiapas, between the villages of Unió n Roja and La Boquilla (figure 1 Roja. This stretch of the river was divided into two sections, each 3 km long. The breeding pools within the upstream section (shaded grey) were subjected to algal extraction in 2001 and the downstream section was left as a control. In 2002, the situation was reversed with the downstream section treated and the upstream section left as a control. The release points (1-3) of the markrecapture experiments on mosquito dispersal are also indicated.
October and a dry season from November through to April. The annual average rainfall is 3800 mm, an average annual temperature of 25 C, and relative humidity of 80-90% for most of the year. The management of the Coatán River downstream from the hydroelectric plant 'Cecilio del Valle' (figure 1) over the past 20 years has created the environmental conditions that favour reproduction of An. pseudopunctipennis in pools of water along the river margins during the dry season. Similar conditions are observed in many other rivers in the region during this period when river discharge is diminished owing to lack of rainfall.
(c) Experimental design
The 6 km length of the river was divided into two zones, of 3 km each and marked at 100 m intervals by painting numbers on large boulders. The treatments were randomly assigned to each zone. In 2001, the upstream zone was selected for manual extraction of filamentous algae from all the riverside pools of water, whereas the downstream 3 km zone was left untreated as the control (figure 1). In 2002, the treatment and control zones were switched and the process of algal extraction repeated.
(d) Extraction of algae
Manual extraction of filamentous algae floating at the surface of pools was performed with the use of garden rakes covered with mosquito netting. This required 106 man hours of work per kilometre of river. Algae were extracted only once per year at the beginning of the dry season. The start of the study was taken to be the first day after extraction of algae from all breeding pools in the extraction zone had been achieved.
(e) Larval collections
Estimates of the density of An. pseudopunctipennis larvae were obtained using a standard 850 ml cup with a flat outer side attached to a wooden pole. Samples were taken by carefully immersing the cup at the edges of aquatic vegetation, or by dragging the dipper over the water surface. Larvae were collected, counted, and returned to their breeding site to avoid population disturbances from sampling. Prior to the extraction of algae, sampling was performed at 15 days and 7 days pre-treatment in both zones. Samples were taken at weekly intervals post-extraction.
Sampling effort was defined in previous studies (Savage et al. 1990; Southwood & Henderson 2000) based on Taylor's power law (Taylor 1979) . This consisted of 5-20 dips from each breeding site, depending of the numbers of larvae in the initial five dips which was used to determine the sample size (total number of dips). If the number of larvae captured in the first five dips averaged 0-5 larvae dip À1 , a maximum of 20 dips were taken. If the average was 5-20 larvae, then 15 dips were taken, if 20-50 larvae, then 10 dips were taken, and if more than 50 larvae dip À1 , then only five dips were taken. A total of 50 pools were sampled in each zone. The larval density index was calculated by dividing the total number of larvae by the sampling effort (total number of dips). In each treatment the number of An. pseudopunctipennis larvae was registered by stage and breeding site. Larvae were transported to the laboratory in sealed plastic bags for identification.
(f) Physical factors and vegetation
For all habitats, the surface area of the breeding site was estimated using a tape measure and an appropriate geometrical shape as a model (rectangle, rhombus, etc) . The depth of water (average of five measurements per pool) and percentage surface area cover of filamentous algae were noted. Meteorological data were obtained from a weather station located at Finca San Andrés Nexapa, next to the village of El Retiro (figure 1).
(g) Adult collections
Adult An. pseudopunctipennis populations were estimated prior to extraction of algae and at weekly intervals for 15 weeks posttreatment at four sites in each zone using light traps and human baits.
(i) Light traps CDC Updraft Model 1312 ( J. W. Hock Co., Gainesville, FL, USA) light traps fitted with 4 W ultraviolet (UV) lamps were placed at four sites in each zone. Ten traps were placed at four sites around the villages on each side of the river during two nights a week at each site from 1800 to 0600. Trapping was performed weekly. Each morning, the number of adult female An. pseudopunctipennis caught in each trap during the previous night was registered. Captures of An. pseudopunctipennis males and other mosquito species were low and were ignored.
(ii) Human baits
Weekly trapping using human baits was performed in each zone (WHO 1975) . Two volunteers were seated by different houses, one person inside and the other outside. The trousers were rolled up to the knee and adult female An. pseudopunctipennis that landed to feed on the exposed skin were collected using a flashlight and a mouth aspirator. Collections were made for periods of 50 min followed by a 10 min break from 1800 to 2400. The mosquitoes collected were sealed in plastic tubes and were later counted and checked for species in the laboratory. Sampling was performed weekly at two sites in the control zone and two sites in the treated zone.
(h) Dispersal
The probability of immigration of An. pseudopunctipennis adults from the untreated zone into the treated zone was estimated using mark-release-recapture methods. Immature stages of An. pseudopunctipennis were collected from breeding sites along the Coatán river and reared to adulthood in the laboratory. When adults of 1-3 days post-emergence were available, these were placed in plastic containers sealed with muslin. The containers were lined with paper previously treated with fluorescent powder (Lumogen, BASF, Holland, MI) as described by Ulloa et al. (2002) . A different colour powder was used for each liberation. The first liberation involving 1800 adults was performed at the northernmost part of the study zone (release point 1 in figure 1 ). At the moment of release the wind was northerly at 2.1 m s À1 and continued to be northerly during the trapping period. The second liberation, performed 20 days after the first, involved 1450 marked adults and occurred at the southernmost point of the study area (release point 2 in figure 1 ). At the moment of the second release the wind was northerly at 0.6 m s À1 and was northerly or easterly during the trapping period. The third liberation, 20 days later, involved 500 mosquitoes released in the centre of the study area (release point 3 in figure 1 ). At the third release the wind was easterly at 0.3 m s
À1
but was northerly for all the remaining trapping period. Trapping of marked mosquitoes was performed immediately following liberation at intervals of 50, 100 or 500 m up to a distance of 3-6 km from the point of release. Marked mosquitoes were identified using a UV lamp. Trapping continued for 10 days after each release.
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The mean numbers of larvae per dip were transformed to logðx þ 1Þ to normalize the distribution and eliminate heteroscedasticity. Differences in larval abundance between zones were analysed by univariate repeated-measures analysis of variance (ANOVA). Captures of adult An. pseudopunctipennis per light trap per night and numbers of mosquitoes per person per night for human baits were similarly logðx þ 1) transformed and subjected to repeated-measures ANOVA. Tests of sphericity and normality were performed to verify the univariate ANOVA model. Physical characteristics and algal cover were compared by t-test. Transformations were not required to normalize data distributions.
The analysis of mosquito dispersal did not focus on the rate of dispersal but rather the absolute distances from the point of release at which marked individuals were recovered. Markrecapture data were pooled over the 10 days on which trapping was performed following each release. Linear regression of the number of marked mosquitoes captured against log e (distance) from point of release was performed in a generalized linear interactive modelling (GLIM) program with a Poisson error structure specified (Numerical Algorithms Group 1993). The accuracy of regression models was determined by examining the distribution of fitted values and residuals. Prior to the extraction of algae, densities of An. pseudopunctipennis larvae were directly proportional to the prevalence of Spirogyra in each pool, for the control (figure 2a) and treated zone (figure 2b) in 2001 and 2002 (figure 2c,d, respectively) , highlighting the importance of filamentous algae in the reproduction and survival of this species.
RESULTS
(a) Effects of algal extraction on the larval population Extraction of filamentous algae dramatically affected the density of An. pseudopunctipennis larvae during the course of the experiment in both years (table 1) . In 2001, sampling prior to extraction of algae indicated no significant differences between treatment and control zones at two weeks prior to treatment (timepoint À2: F 1, 98 ¼ 1:45, p ¼ 0:23) and immediately prior to treatment (timepoint À1: F 1, 98 ¼ 0:61, p ¼ 0:44; figure 3a) .
Larval densities in the control zone fluctuated between (mean^s:e:) 25:7^1:4 and 7:6^0:4 larvae dip À1 during the six-week period following extraction of algae.
By contrast, larval densities in the treated zone fell dramatically, an effect that lasted five weeks before recovering to control density values (figure 3a). For the period 6-14 weeks post-extraction, the densities of An. pseudopunctipennis larvae were almost identical in each zone. A very similar effect was observed in 2002, with the treated and control zones inverted, except that average population densities were approximately twice as great as the previous year, resulting in a significant interaction of timepoint and year (table 1). As before, sampling prior to extraction of algae indicated no significant differences in mean larval densities between zones at two weeks prior to treatment (timepoint À2: F 1, 98 ¼ 0:12, p ¼ 0:73) and immediately prior to treatment (timepoint À1: F 1, 98 ¼ 0:25, p ¼ 0:62; figure 3b ). The extraction of algae resulted in a striking decline in the density of An. pseudopunctipennis larvae (figure 3b). The treated population did not return to densities similar to those of the control zone until seven weeks post-extraction.
Approximately halfway through the sampling programme each year, the density of larvae in the control breeding sites began to decline. This effect was concurrent with an increase in precipitation and river discharge at the onset of the rainy season that washed away larvae from breeding pools (figure 3a,b).
(b) Effects of algal extraction on the adult population
Both light trapping and the use of human baits indicated a marked reduction in the population of adult An. pseudopunctipennis in the treated zone in both years (table 1).
(i) Human bait
In 2001, captures of adult females landing to feed on human baits was initially similar in control and treated zones. However, a significant reduction in the number of captures was observed within one week of the extraction of algae (results pooled for within house and outside house baits) and remained significantly lower than control zone captures until eight weeks post-treatment (figure 3c). Changes in the number of captures in the control zone closely followed the patterns observed in the control zone larval density estimates, with a gradual reduction in captures after week four.
A very similar pattern was observed in 2002, with a rapid reduction in adult captures in the treated zone which lasted for seven weeks until returning to control zone values (figure 3d ) . Following an initial reduction in adult captures in the control zone concurrent with a brief period of rainfall at night, the numbers of adults caught in the control zone remained relatively static until week 10, whereupon numbers declined, approximately three weeks after the start of the decline in larval densities (figure 3b). 
(c) Dispersal
The recovery of marked mosquitoes varied from 13 out of 1800 (0.7%) in the first release, 21 out of 1450 (1.4%) in the second release, to 20 out of 500 (4.0%) in the final release. Overall, 92% (48 out of 52) of the marked and recaptured mosquitoes were caught within 4 days of release. Also, 98% (53 out of 54) of marked and recaptured mosquitoes were captured within 1000 m of the point of release ( figure 4a-c) . The greatest displacement was registered by a single individual, caught at 2500 m from the release point in the first liberation (figure 4a). The slopes of linear regressions differed markedly between different releases but each regression gave good estimates of the observed numbers of mosquitoes captured. In the third release at the central point between the treated and untreated zones (figure 1), only one trap registered captures upstream and so only downstream captures were considered in the regression (figure 4c).
DISCUSSION
The mosquito, An. pseudopunctipennis breeds in pools containing filamentous algae in the foothills of the mountainous Table 1 . Repeated-measures analysis of the effects of extraction of filamentous algae on population densities of larval and adult An. pseudopunctipennis in a 2 year experiment, River Coatán, Chiapas, Mexico. Population control of a malaria vector by habitat manipulation J. G. Bond and others 2165
Mesoamerican region (Rejmankova et al. 1993; Manguin et al. 1996) . Densities of An. pseudopunctipennis larvae were directly proportional to the prevalence of filamentous algae in each pool sampled at the beginning of this study, highlighting the importance of algae as larval food and as a refuge against predators (Orr & Resh 1989) . Previously, a positive association was observed between the percentage of vegetative cover of the emergent macrophyte Myriophyllum aquaticum and abundance of eggs and larvae of Anopheles spp. in a Californian wetland (Orr & Resh 1992) , although the relationship was much weaker than that detected in the present study. The extraction of algae brought about a striking decline in the density of An. pseudopunctipennis larvae, resulting in a concurrent reduction in the adult population in both years of the study. The treated population did not return to densities similar to those of the untreated control zone until five to seven weeks post-extraction. Approximately halfway through the sampling programme each year, the density of larvae in the control breeding sites began to decline. This effect was concurrent with an increase in precipitation and river discharge at the onset of the rainy season that flushed larvae from breeding pools (Berti et al. 1993) . The effect of algal extraction on the adult An. pseudopunctipennis population was estimated using light traps and human baits. Numerous factors affect the efficiency of light traps for mosquito monitoring (Service 1977 (Service , 1993 , although light trap and human bait catches are usually highly correlated for a number of anopheline species (Lines et al. 1991; Mathenge et al. 2002) and light traps are often a logistic necessity for monitoring large-scale interventions (Githeko et al. 1996) . However, light trap captures may be biased to various degrees depending on the mosquito population density and species under study. The fraction of mosquitoes infected by Plasmodium sporozoites may also be quite different in light traps and human landing captures (Mbogo et al. 1993; Hii et al. 2000) . However, adult mosquito captures by both light traps and human baits closely followed the pattern of changes that we observed in larval densities.
Annual climatic cycles have a major influence on the insect vector populations and thereby drive seasonal patterns in mosquito borne diseases (Hay et al. 2000) . In the case of Mesoamerica, An. pseudopunctipennis is recognized as the principal malaria vector in the dry season, whereas, during the rainy season, breeding sites suitable for reproduction of An. albimanus appear and this becomes the principal vector species (Gó mez-Dantés & Rodríguez 1994) .
Clearly an important issue in the experimental design employed in this study is that of the balance between the scale of the experiment and the replication of treatments (Cottenie & De Meester 2003) . Replication in this experiment was possible only over time (years) because it was necessary to apply the extraction treatment on a large scale (3 km section of the river) to minimize the influence of adult immigration from surrounding areas. This limitation in design was taken into account by the univariate repeated-measures analyses that we employed. The fact that we had clear a priori predictions regarding the direction of the change expected following extraction of algae, combined with the marked similarity of changes in mosquito densities observed in each year of the study, give us confidence that the results of the study were not unduly influenced by the severe limitations on experimental replication.
Virtually all mosquitoes used in mark-release experiments were captured within 1000 m of the point of release. This indicates that dispersal from the untreated zone into the treated zone was unlikely to have had a major influence on the estimates of adult mosquito abundance, despite the long sampling period of the experiment. For quantitative estimates of mosquito dispersal, the number of traps placed at greater distances from the release point should be increased to account for the dilution of marked mosquitoes in space (Service 1993) . About half of the studies of mosquito dispersal report recapture of marked mosquitoes no farther than 1 km from the release point (Service 1993) , although greater dispersal distances may be achieved by deliberate or accidental exploitation of wind currents (Service 1980 (Service , 1997 . In this respect, older mosquitoes carrying sporozoites will tend to travel farther than typical members of the population (Gilles & Wilkes 1965; Killeen et al. 2000) , underlining the need to implement environmental manipulation practices and other vector control interventions on a spatially large (regional) scale (Killeen et al. 2003) . Clearly, mosquitoes disperse for different reasons depending on their sex, mating and feeding status, and gonotrophic cycle (Service 1997) .
The abundance of filamentous algae is positively correlated with the concentration of nitrates in riverside pools (Rejmankova et al. 1991) . Elevated levels of nitrogen in river water is believed to originate from fertilizer use in the numerous coffee plantations located upstream of the experimental site.
The intimate association between An. pseudopunctipennis and riverside pools containing filamentous algae means that remote sensing techniques could prove to be an important tool for identifying the distribution of breeding sites and targeting appropriate control measures (Gubler 1998; Rogers et al. 2002) . Remote sensing could also be used to identify probable candidates for community-based interventions where villages are sited in proximity to habitats likely to support anopheline breeding. The role of Population control of a malaria vector by habitat manipulation J. G. Bond and others 2167 community participation in vector control in southeast India was pivotal to the success of a programme involving manual extraction of algae from coastal lagoons which represented the principal breeding site of An. subpictus (Rajagopalan et al. 1991a) . Similarly, the extraction of aquatic plants including Pistia, Eichhornia and Salvinia spp. was successful in controlling populations of Mansonia spp., the principal vector of human filariasis in this region (Rajagopalan et al. 1991b) . Such community-based programmes must be considered more attractive than the use of herbicides applied to water courses for control of aquatic vegetation, as occurs in certain regions.
In conclusion, habitat manipulation by extraction of filamentous algae appears to offer a unique opportunity for sustainable control of an important vector of malaria in Mesoamerica. When coordinated at the local community level, this technique may represent a valuable intervention, complimenting insecticide spraying of households, to minimize Plasmodium spp. transmission rates.
